Staphylococcal infections associated with indwelling medical devices are difficult to eradicate owing to its recalcitrant nature of biofilms to conventional antibiotics. In our earlier study, we reported the efficacy of geraniol (GE) in inhibiting the in vitro biofilm formation of Staphylococcus epidermidis and adaptive resistant development. To examine the in vivo potential of GE in eradicating the in vivo colonization of S. epidermidis, an implanted rat jugular vein catheter model was developed. Oral supplementation of GE (GE at 200 mg/kg bw for three days) in rats infected with S. epidermidis exhibited a significant reduction of the bacterial burden in catheter, blood, heart and kidney, when compared to the untreated infection control. In addition, GE supplemented animals showed significantly reduced level of inflammatory markers such as nitric oxide and malondialdehyde in heart and kidney tissues. Furthermore, in contrast to the infection control, histopathology analysis of the heart and kidney tissues of the GE-treated group showed a normal histoarchitecture similar to animal control. Thus, the outcome of the present study exhibits the potential of GE as antibiofilm and anti-inflammatory agent against S. epidermidis infections. Furthermore, elucidating the molecular mechanism of GE is important to exploit the therapeutic efficacy of GE.
INTRODUCTION
In recent decades, progress in the medical field allied with the burgeoning use of indwelling biomedical devices. These implants intermittently support or permanently replace the functioning of failed vital organs and aid in the survival of critically ill patients. However, the use of implanted medical devices holds the individual's life at significant stakes through biofilms. Biofilm-mediated infection is one among the leading cause of mortality and morbidity in patients with implanted medical devices (Darouiche 2004) . Interestingly, the skin commensals, belonging to coagulase negative staphylococci, are responsible for 80% of the device-related infections (Becker, Heilmann and Peters 2014) .
Staphylococcus epidermidis is a normal bacterial flora found abundantly in skin and mucosal membrane of humans. While generally innocuous, the ability of this pathogen to form biofilm on biotic and abiotic surfaces mediates them into opportunistic pathogens that can cause infections in healthy individuals (Rupp and Archer 1994) . Biofilm formation is the most imperative virulent attribute in S. epidermidis pathogenesis. This biofilm mode of growth affords protection to the inhabitants against antibiotics and host defense mechanisms. Recent studies showed that isogenic biofilm-negative S. epidermidis mutant can be readily eradicated from the host before establishing the infection (Rupp et al. 1999; Schaeffer et al. 2015) . Thus, it is believed that S. epidermidis biofilm formation is directly associated with the advancement of chronic device-related infections. Biofilm formation is believed to happen in two different steps in S. epidermidis. Initially, S. epidermidis cells attach to the surface of the substrate facilitated by factors, such as hydrophobicity, cell wall teichoic acids and several other proteins. Then, the accumulation of cells proceeds with biofilm formation along with the aid of biofilm-related proteins, such as accumulation-associated protein, biofilm-associated protein, extracellular matrix-binding protein and most importantly intracellular adhesins (Büttner, Mack and Rohde 2015) .
Generally, the multilayered biofilm formation is believed to be the ultimate cause for the device-related bacterial infections. The biofilm mode of growth holds the cells in the close proximity and enables them to initiate intimate cell-cell interactions in response to the residing environment. Biofilm inhabitants have altered gene expression and physiology due to the availability of limited nutrition and oxygen level (Stewart and Franklin 2008) . Despite the presence of persister cells, extracellular matrix, which accounts 90% of the biofilm biomass, confers structure-based recalcitrance thereby makes the biofilm cells far more resistant to antibiotics and limits the antibiotic treatment options. As a consequence, biofilm formation leads to the progression of device-related complications and urge the immediate removal of such implants (Kostakioti, Hadjifrangiskou and Hultgren 2013) . Despite the biofilm forming ability, the prevalence of multidrug resistant strains in clinical S. epidermidis population in particular methicillin resistant S. epidermidis and vancomycin intermediate S. epidermidis limits the use of last resort antibiotics such as vancomycin, daptomycin and linezolid, which warrant the search of novel antibiofilm compounds to treat the S. epidermidis biofilm (Weiser et al. 2016) .
Phytochemicals are known to be produced by plants for their own protection (Bourgaud et al. 2001) . Phytochemicals are nonnutritive compounds and considered to possess several pharmaceutical activities. Plethora of reports showed the efficacy of secondary metabolites from plants as a rich source of therapeutic agents and signifies their role in human health alleviation.
Regardless of other pharmaceutical activities, several plantderived molecules have been studied for their antistaphylococcal and antibiofilm potentials (Nuryastuti et al. 2009; Wang et al. 2009; Carneiro et al. 2011) . Geraniol (GE) is an acyclic monoterpene alcohol mainly found in various spices and aromatic herbs such as palmarosa, ginger, lemon, lavender, orange and rose (Chen and Viljoen 2010) . GE has been approved by the United States Food and Drug Administration as a flavoring agent in food and beverages, and it has been used as fragrance material in perfumes, cosmetics and sanitary products (Lapczynski et al. 2008; Jeon et al. 2009 ). Although various reports revealed the antitumoral, antioxidant, anti-inflammatory, antibacterial activity of GE, only a very limited studies report its in vivo effect on biofilm formation (Chen and Viljoen 2010; Leite et al. 2014) . On this background, the present work aims to evaluate the in vivo protective effect of GE on S. epidermidis biofilm-related infections using the rat catheter model.
MATERIALS AND METHODS

Bacterial strain and culture conditions
Staphylococcus epidermidis RP62A (ATCC 35984) was used in this study. It is a slime producing and biofilm positive strain, isolated from the patients affected with intravascular catheterassociated sepsis (Christensen et al. 1982) . The test strain was maintained in tryptic soya agar (TSA) plates at 4
• C and subcultured in tryptic soya broth (TSB) (Hi-Media, Mumbai, India) for 24 h at 37
• C. For experimental assay purpose, 1% sucrose was used along with TSB to induce the in vitro biofilm formation and the OD of the test pathogens were adjusted to 0.4 at OD 600 nm from overnight culture (1 × 10 8 CFU/ml).
Compound preparation
For in vivo experiments, 200 mg of GE (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 5 ml of corn oil (Sigma-Aldrich, St. Louis, MO, USA) as stock solution and stored at room temperature until further use. The maximum volume of corn oil (750 μl) used to dissolve GE was given alone to the Sham infection animals (as negative controls) for the in vivo assays.
Animals
Male Wistar rats (Rattus norvegicus) weighing approximately 250-300 g were used in this study. Rats were kept in Central Animal House, Bharathidasan University, Tiruchirappalli, India. Rats were housed in clean polypropylene cages and were fed with the standard rat synthetic diet (Sai Durga feeds, Bangalore) and water ad libitum. Ethical clearance was approved by the Institutional Animal Ethics Committee of Bharathidasan University, Tiruchirappalli, India (Approval ID: BDU/IAEC/2017/NE/33/Dt. 21.03.2017). All the experimental protocols were followed as per the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India.
In vivo rat jugular catheterization
Animal experiments were performed by the method described by Schaeffer et al. (2015) . Initially, the rats were anesthetized by an intraperitoneal injection of ketamine (90 mg) and xylazine (9 mg) cocktail at a dose of 0.1ml/100g of body weight. Briefly, the catheter segment (polyethylene tubing, PE 10, BD Biosciences) was inserted into the jugular vein of anesthetized rat. After recovery, the rats were immunosuppressed with an intraperitoneal injection of cyclophosphamide (CP) (100 mg/kg of body weight), followed by the second injection of CP at a dosage of 50 mg/ml. Twenty-four hours later, the catheterized rats were injected intravenously on the tail vein with 0.5 ml (1 × 10 8 CFU/ml) of S. epidermidis. For in vivo colonization studies, 15 male Wistar rats were divided into three groups; (i) animal control: animals undergone catheterization with no infection, (ii) infection control: animals undergone catheterization were infected with S. epidermidis and corn oil was given orally 24 h post-infection (p.i) until the 4th day p.i. and (iii) GE treatment group: animals undergone catheterization were infected with S. epidermidis and geraniol (200 mg/kg of body weight) dissolved in corn oil was given orally 24 h p.i. until the 4th day p.i. On the 4th day p.i., the animals were euthanized and the organs and blood were harvested and processed for further assays.
Quantitative culture of catheter, peripheral blood, heart and kidney samples Animals were sacrificed on the 4th day p.i. The peripheral blood was obtained and was cultured quantitatively by directly plating 0.1 ml of blood on a TSA plate. The catheters were aseptically removed. One milliliter of 0.85% NaCl solution was flushed through the catheter to remove the blood and non-adherent bacterial organism. The catheter was cut from the entire length and placed in a sterile microfuge tube containing 0.85% NaCl solution. The tube was sonicated for 10 min and vigorously vortexed for 2 min, after which the wash solution was cultured quantitatively by plating on a TSA plate. Further to ascertain the extend of metastatic infection, heart and kidneys were aseptically harvested, weighed and homogenized in 1 ml of PBS with a mechanical tissue homogenizer. From the tissue homogenate, 0.1 ml was cultured quantitatively by plating on a TSA plate (Andes, Nett and Oschel 2004).
Estimation of pathology index factors
Preparation of cell lysate
The remaining harvested tissues after being used for the quantitative culturing method were homogenized using lysis buffer (10 mM Tris (pH-8.0), 20 mM EDTA and 0.25% Triton X-100). The supernatant was separated from the tissue homogenate by centrifugation at 12 000 rpm for 15 min at 4
• C. Further the protein estimation was done by the Bradford method, and it was stored in −20
• C until further use (Bradford 1976 ).
Estimation of malondialdehyde
Malondialdehyde (MDA) estimation was done using the method as described by Ohkawa, Ohishi and Yagi (1979) . Briefly, cell lysate containing 100 μg of proteins was added with equal volume of 10% ice-cold TCA and centrifuged at 5000 rpm for 15 min. MDA of five different concentrations (10-50 ng) were used as the standard. An equal volume of thiobarbituric acid (0.67% w/v) prepared in 50% glacial acetic acid was added to the test and standard samples, and then the samples were incubated at 100
• C for 20 min. After incubation, absorbance of the test and standard samples were measured at 532 nm. The calibration curve was prepared using the MDA standards. The values were expressed as μM of TBARS/mg of protein.
Estimation of nitrite content
Nitrite content in the test samples was estimated by following the method of Rockett et al. (1994) with slight modification. Briefly, the cell lysate (100 μg of protein) in phosphate buffer (pH 7.4) was incubated with Griess reagent (Sigma Aldrich Chemicals Ltd., St Louis, MO, USA) for 30 min in dark at room temperature. The supernatant was collected and the optical density was measured at 540 nm in comparison with a standard sodium nitrite (5-20 μM). The nitrite content was calculated by a standard curve for sodium nitrite and the results were expressed as μM of nitrite/mg of protein.
Histology
After euthanasia, the heart and kidney tissues of GE untreated control and GE-treated animals were harvested and stored in a 10% buffered formalin solution. For histopathology analysis, the tissue sections were obtained and stained with hematoxylin and eosin. The stained sections of the heart and kidney tissues samples were analyzed by a medical pathologist.
Statistical analysis
All the experiments were carried out in quintuplicates. The statistical analysis was done using SPSS statistics software v20.0 (SPSS, Armonk, NY, USA). Values were expressed as mean ± standard deviation. Student's t-test was used to compare the control and treated samples, with a P-value less than 0.05 being significant.
RESULTS AND DISCUSSION
Staphylococcus epidermidis, a species of coagulase negative staphylococci, is the most common cause of device-related infections in clinical settings (Gomes, Teixeira and Oliveira 2014) . The ability to attach to biomaterials and to form intricate biofilm explains the inclination of S. epidermidis to cause device-related infections (Büttner, Mack and Rohde 2015) . The emergence of multidrug resistant S. epidermidis strains and a relatively high mortality rate caused by device-related infections (McCann, Gilmore and Gorman 2008) has emphasized a dire need for alternative strategies in controlling S. epidermidis biofilm formation. Though several strategies have already been proposed to attenuate the Staphylococcal biofilms, medicinal plants and their phytocompounds are being explored owing to their traditional medical significance and low toxicity profile (Kiedrowski and Horswill 2011) . In this context, we recently reported the in vitro inhibitory effect of GE on S. epidermidis biofilm formation and adaptive stress resistance development (Kannappan et al. 2017) . Findings of our earlier work led us to extend our studies towards the in vivo protective effect of GE on S. epidermidis infection using the rat catheter model. To the best of our knowledge, studies that pertains the protective effect of phytocompounds against S. epidermidis infections in animal models are very much scarce. Therefore, the present work for the first of its kind has been designed to establish S. epidermidis infection and assessing the protective effect of GE against S. epidermidis infections. Versatile behavior of microorganism to interact with host is the key factor for infections; therefore, to correlate with our in vitro findings of GE with S. epidermidis biofilm formation, the rat catheter model was used. Results obtained through bacterial count estimation assay are consistent with the earlier reports of Rupp et al. (1999) , Rupp et al. (2001) and Chauhan et al. (2012) , where the rats administrated with immunosuppressant and high inoculum of S. epidermidis showed higher degree of colonization and subsequent infections (Fig. 1) . During in vivo conditions, colonization of the bacterial pathogens in early stage of infection is the key factor that required for the establishment of very infection. Oral administration of GE (200 mg/kg bw/day) resulted in 64% reduced biofilm cells cultured from the catheter segment compared to that of control catheter segment as 46.6 × 10 3 ± 10.5 CFU/catheter versus 16.6 × 10 3 ± 2.88 CFU/catheter for the infection control and GE treatment, respectively (Fig. 1B) . Similarly, a 67% fewer cells were cultured in the GE administered animal group (19.6 × 10 4 ± 5.9 CFU/ml versus 6.4 × 10 4 ± 1.51 CFU/ml for the infection control and GE treatment, respectively) (Fig. 1A) . Likewise, GE treatment showed 64% reduction in the bacterial burden in heart (52.4 × 10 4 ± 9.3 CFU/g versus 18.8 × 10 4 ± 3.8 CFU/g for the infection control and GE treatment, respectively) and 64% in kidney (31.4 × 10 4 ± 6.7 CFU/g versus 11.4 × 10 4 ± 0.9 CFU/g for the infection control and GE treatment, respectively) compared to that of bacterial burden in the untreated infection control (Fig. 1C and D) . Thus, the current study demonstrates that the oral administration of GE at 200 mg/kg bw/day is active against the in vivo colonization and subsequent infection by S. epidermidis. The results obtained in the present work are in par with the results of Kokai-Kun, Chanturiya and Mond (2009), who reported the use of lysostaphin (15 mg/kg) in combination with nafcillin (50 mg/kg), which was administered three times per day for 4 successive days suppressed the colonization of MRSA in the jugular vein catheter mice model. Furthermore, this combination was also reported to clear the MRSA infections in heart and kidney tissues. Similarly, oral administration of toremifene, a broad spectrum antibiofilm compound, reduces the colonization of Candida albicans and S. aureus biofilm in the rat subcutaneous catheter model (De Cremer et al. 2014) . Meanwhile, it is worth to note that the minimum oral dose of GE resulting in 50% of death (i.e. 50% lethal dose [LD 50 ]) in rat is 3600 mg/kg (Jenner et al. 1964) , which is 18-fold higher than the concentration used in this study. Similarly, several in vivo studies with the use of similar concentrations of GE (De Carvalho et al. 2014; Prasad and Muralidhara 2014; De Fazio et al. 2016) showed profound activity with no significant increase in the toxic profile.
Oxidative stress happens because of the imbalance between the production of reactive oxygen species and antioxidants. Excessive production of reactive oxygen species in response to certain conditions, such as infections, exposures to toxins, aging, etc., leads to oxidative stress induced host tissue damage. Estimation of those free radicals normally involved in the pathophysiological alterations might be valuable indicator in monitoring and treating the disease progression (Ohkawa, Ohishi and Yagi 1979) . In order to access the oxidative stress-induced tissue damage during bacterial infection, production of pathology index markers such as MDA and reactive nitrogen species were studied. MDA is considered as a useful indicator of lipid peroxidation, which is mediated by free radicals. The thiobarbituric acid reactive substance (TBARS) assay is a most common assay used to measure the activity of active oxygen species, where the thiobarbituric acid reacts with MDA to yield the later product TBARS (Tüter, Kurtiş and Serdar 2001) . Hence, TBARS estimation was done to assess the effect of GE on the production of MDA levels. In the present study, heart and kidney tissues from the infected group showed an increased level of MDA production (92.6 ± 11.5 and 99.8 ± 14.0, respectively), whereas GE-treated groups showed reduced MDA levels compared to the infection control (47 ± 15.3 and 42.9 ± 8.6, respectively) ( Table 1 ). Similar to the result obtained in the MDA estimation assay, several reports stated the potential of GE in aggravating oxidative stress induced lipid peroxidation. Tiwari and Kakkar (2009) have reported that GE revert the oxidative damages caused due to tert-Butyl hydroperoxide in macrophages. Likewise Khan et al. (2013) have 21.9 ± 1.8 17.5 ± 1.1 * * * indicates significant at P ≤ 0.01, * * indicates significant at P ≤ 0.005 and * * * indicates significant at P ≤ 0.0005.
The data from individual groups were presented as the means and standard deviations. Student's t-test was used to compare the control and treated samples.
also reported that GE interferes in 12-O-tetradecanoylphorbol-13-acetate induced oxidative stress and inflammation in the mouse model. Recently, Prasad and Muralidhara (2014) have also stated that GE at a dose of 100 mg/kg bw/day restored the MDA level in the brain region of diabetic-induced rat model. Similar to MDA, reactive nitrogen intermediates, another inflammatory marker, was produced by neutrophils and macrophages in response to inflammatory response to the microbial products. However, stimulation of excess nitric oxide production has also leads to the host tissue injury (Van Der Vliet et al. 1997) . Estimation of reactive nitrogen intermediates level in heart and kidney tissues of rats infected with S. epidermidis showed 25.2 ± 3.6 and 21.9 ± 1.8 μM of nitrite/mg of protein production at 4th day p.i., respectively. A significant reduction of about 21% and 20% in the heart and kidney tissues (19.8 ± 2.0 and 17.5 ± 1.1, respectively) were observed upon GE treatment (Table 1) . Similar to the results observed, synergistic combination of antibiotics azithromycin and ciprofloxacin significantly reduced the nitric oxide level on the mice associated with Pseudomonas aeruginosa biofilm infection (Saini, Chhibber and Harjai 2015) . Thus, the results of MDA and nitrite estimations suggest the plausible applicability of GE in monitoring and treating bacterial infection progression.
To substantiate the results obtained in the pathological index factor estimation, histopathology analysis was done for heart and kidney tissues. Micrograph of the control animal heart shows normal histoarchitecture of cardiac muscles with centrally located nuclei, whereas infection control shows increased infiltration of neutrophils and mild necrosis in the cardiac myofibers. In case of GE-treated animal tissue, minimal infiltration of neutrophils and no sign of cardiac myofiber necrosis were observed. Similar to this, micrograph of the control animal kidney showed normal glomeruli with tubules. Both the proximal and distal convoluted tubules exhibited a normal structure in the micrograph of animal control kidney tissue. In infection control, micrograph of kidney tissue showed infiltration of inflammatory cells, shrinkage in the glomeruli with dilation of the tubules and slight hemorrhage activity. In contrast to infection control, kidney from GE-treated group showed no considerable pathological changes (Fig. 2) . Recently, Vadekeetil et al. (2016) have found a similar result in histopathological studies, where the combination of phytocompound ajoene (25 mg/kg) form Allium sativum and ciprofloxacin (30 mg/kg) effectively reverts the histopathological architecture of kidney from mice infected with P. aeruginosa causing biofilm-associated murine acute pyelonephritis, when compared to the infection control.
The beneficial outcome of the present study reveals the potential of GE against biofilm-associated S. epidermidis intravascular catheter mediated infection. Since the modern healthcare utilizes an increased number of medical devices, GE could be further investigated with other staphylococcal models of infection such as prosthetic joint, wound infections, surgical site infec- Figure 2 . Histopathology analysis of heart and kidney samples from uninfected, infected and GE-treated animal group. The arrow marks indicate the infiltration of neutrophils and mild necrosis (N) in the infected heart and shrinkage in the glomeruli (G), destruction in the renal tubules (RT) and hemorrhage (H) in the infected kidney. tion etc. Furthermore, translational research and clinical trials are needed to unearth the biofilm inhibitory mechanism of GE and to use as potential therapeutic target to control S. epidermidis biofilm-mediated infections.
